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Abstract	  	   Molecular	  aggregates	  with	  tubular	  geometries	  are	  chemically	  interesting	  because	  of	  their	  light-­‐harvesting	  and	  energy	  transfer	  capabilities.	  Nature	  utilizes	  these	  characteristics	  in	  the	  form	  of	  chloroplasts	  in	  green	  bacteria.	  These	  tubular	  aggregates	  absorb	  photons	  at	  specific	  sites,	  and	  then	  transfer	  the	  absorbed	  energy	  to	  acceptor	  sites	  in	  order	  to	  use	  that	  energy	  for	  photosynthesis.12	  In	  order	  to	  investigate	  the	  dynamics	  of	  such	  energy	  transfers,	  a	  computational	  simulation	  was	  developed	  to	  generate	  molecular	  aggregates	  and	  model	  the	  movement	  of	  energy	  from	  a	  donor	  molecule	  to	  an	  acceptor	  molecule.	  The	  model	  utilizes	  Frenkel	  excitons,	  which	  regulate	  transport	  through	  fluctuations	  in	  the	  molecules’	  energy	  levels.	  Three	  geometries	  were	  investigated:	  a	  single-­‐walled	  nanotube,	  a	  double-­‐walled	  nanotube,	  and	  a	  double-­‐helix.	  It	  was	  found	  that	  the	  rate	  of	  exciton	  transport	  was	  fastest	  in	  the	  helices	  and	  slowest	  in	  the	  double-­‐walled	  nanotube,	  and	  that	  the	  exciton	  becomes	  far	  more	  delocalized	  in	  a	  double-­‐helix	  than	  in	  a	  nanotube.	  Helices	  seem	  to	  be	  better	  suited	  to	  high-­‐speed	  energy	  transfer,	  though	  whether	  helical	  aggregates	  are	  plausible	  experimentally	  remains	  untested.	  
Theory	  	   The	  concepts	  tested	  in	  this	  investigation	  centered	  heavily	  on	  energy	  transfer,	  particularly	  on	  Frenkel	  excitons	  and	  Redfield	  theory.	  The	  following	  is	  a	  graphic	  that	  describes	  a	  Frenkel	  exciton:	  	  	  
Figure	  1:	  Different	  kinds	  of	  excitons	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As	  the	  graphic	  shows,	  a	  Frenkel	  exciton	  is	  an	  electron-­‐hole	  pair	  that	  is	  localized	  to	  a	  specific	  molecule.	  The	  first	  step	  in	  any	  quantum	  mechanical	  problem	  is	  to	  determine	  the	  Hamiltonian	  for	  a	  system.	  The	  systems	  being	  observed	  are	  aggregates	  of	  two-­‐level	  molecules	  –	  molecules	  with	  a	  ground	  and	  excited	  electronic	  state.	  The	  Hamiltonian	  for	  each	  “pair”	  of	  molecules	  is	  𝐻 = 𝐻!" + 𝐻!"#$ + 𝐻!"!!!	  	   In	  the	  above	  equation,	  the	  three	  terms	  of	  the	  Hamiltonian	  represent	  the	  electronic	  energy	  levels,	  the	  Coulombic	  coupling,	  and	  the	  electron-­‐phonon	  coupling,	  respectively.	  A	  phonon	  is	  defined	  as	  an	  interaction	  with	  the	  surroundings	  –	  loss	  of	  energy	  as	  heat.	  The	  Coulombic	  coupling	  is	  the	  electronic	  coupling	  between	  the	  transition	  dipoles	  of	  the	  molecules,	  and	  the	  electron-­‐phonon	  coupling	  represents	  energy	  level	  fluctuations	  in	  each	  of	  the	  states	  for	  each	  molecule	  (or,	  the	  probability	  that	  two	  energy	  levels	  will	  become	  degenerate).	  When	  Hel-­‐ph	  <<	  HCoul,	  energy	  is	  transferred	  by	  Frenkel	  excitons	  (the	  opposite	  case	  is	  the	  basis	  for	  Forster	  energy	  transfer,	  a	  process	  not	  investigated	  here).	  It	  is	  important	  to	  note	  that	  Hel	  and	  HCoul	  are	  eigenstates	  of	  the	  Hamiltonian,	  but	  Hel-­‐ph	  is	  part	  of	  the	  first-­‐order	  perturbation	  to	  the	  Hamiltonian	  (H’).	  	   The	  coupling	  (HCoul)	  is	  determined	  as	  a	  function	  of	  the	  dipole	  magnitudes	  and	  orientations	  and	  the	  distances	  between	  molecules.	  A	  general	  formula	  for	  the	  Coulombic	  coupling	  is	  
𝐽!" = 𝜂 𝜇!",! ∙ 𝜇!",! − 3 𝜇!",! ∙ 𝑛!" 𝜇!",! ∙ 𝑛!"𝑅!"! 	  The	  terms	  of	  this	  equation	  can	  be	  summed	  up	  with	  the	  following	  figure:	  
Figure	  2:	  Factors	  affecting	  magnitude	  of	  coupling	  
	  	   When	  two	  dipoles	  are	  brought	  together,	  they	  produce	  a	  symmetric	  state	  and	  an	  asymmetric	  state.	  The	  symmetric	  state	  is	  one	  where	  the	  diagonal	  elements	  of	  the	  
Hamiltonian	  are	  equivalent	  –	  each	  state	  has	  degenerate	  eigenvectors.	  The	  asymmetric	  state	  has	  different	  eigenvectors.	  As	  a	  result,	  the	  asymmetric	  state	  is	  a	  forbidden	  state.	  If	  the	  dipoles	  are	  aligned	  tip-­‐to-­‐tail,	  the	  coupling	  is	  negative	  and	  the	  asymmetric	  state	  is	  higher	  in	  energy	  than	  the	  symmetric	  state.	  This	  is	  called	  a	  J-­‐aggregate.	  When	  the	  dipoles	  are	  pointing	  the	  same	  direction	  and	  are	  stacked,	  the	  symmetric	  state	  is	  higher	  in	  energy.	  This	  is	  known	  as	  an	  H-­‐aggregate.	  	   According	  to	  Redfield	  theory,	  two	  things	  are	  required	  for	  exciton	  transport:	  spatial	  overlap	  of	  excitons	  and	  energy	  conservation.	  This	  is	  summed	  up	  in	  a	  useful	  equation:	   𝐾!! = 1ℎ! 𝜑!!! 𝜑!!! + 𝜑!!! 𝜑!!! 𝐶(𝜔!!)	  K+-­‐	  is	  the	  rate	  of	  exciton	  transport.	  Phi	  is	  the	  excitonic	  wavefunction,	  and	  the	  product	  of	  phi	  represents	  the	  overlap	  between	  states.	  When	  the	  difference	  in	  site	  energies	  is	  too	  large,	  there	  is	  no	  overlap	  and	  the	  exciton	  localizes	  (similar	  to	  vibrational	  wavefunctions	  in	  H-­‐O-­‐D	  –	  the	  vibrational	  wavefunction	  localizes	  to	  one	  bond).	  When	  the	  difference	  in	  site	  energies	  is	  small,	  there	  is	  overlap	  and	  the	  wavefunction	  delocalizes	  (similar	  to	  vibrational	  stretching	  in	  normal	  water	  –	  the	  vibrational	  wavefunction	  delocalizes	  across	  the	  molecule).	  The	  C	  term,	  energy	  conservation,	  represents	  the	  likelihood	  that	  two	  energy	  levels	  will	  fluctuate	  enough	  to	  overlap.	  Energy	  conservation	  is	  a	  function	  of	  the	  average	  difference	  in	  energy	  between	  the	  states	  concerned:	  
Figure	  3:	  Energy	  conservation	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   The	  figure	  above	  shows	  that	  at	  very	  small	  differences,	  the	  energy	  conservation	  is	  small	  due	  to	  the	  fact	  that	  energy	  does	  not	  need	  to	  transfer	  between	  degenerate	  states.	  At	  large	  energy	  differences,	  the	  two	  states	  will	  almost	  never	  fluctuate	  into	  degeneracy.	  The	  final	  concern	  of	  the	  theory	  is	  to	  determine	  population	  dynamics.	  The	  excitonic	  basis	  functions	  are	  converted	  to	  a	  site	  (real	  space)	  basis:	  
𝜌! 𝑡 = 𝜑!"! 𝜌!(𝑡)!!!! 	  	  
The	  Model	  	   This	  investigation	  was	  carried	  out	  using	  Matlab	  software.	  As	  mentioned	  before,	  three	  “structures”	  were	  generated:	  a	  single-­‐walled	  nanotube,	  a	  double-­‐walled	  nanotube,	  and	  a	  double-­‐helix.	  Each	  system	  has	  a	  molecule	  at	  high	  energy	  (a	  donor),	  a	  series	  of	  molecules	  with	  some	  energy	  lower	  than	  the	  donor	  (bridge),	  and	  a	  molecule	  with	  energy	  lower	  than	  every	  other	  site	  (acceptor).	  Those	  are	  visualized	  below:	  
Figure	  4:	  Single-­‐walled	  Nanotube	  
	  
Figure	  5:	  Double-­‐walled	  Nanotube	  
	  
Figure	  6:	  Double-­‐helix	  
	  	   These	  figures	  display	  the	  molecules	  in	  “real	  space”	  –	  a	  space	  generated	  by	  the	  computer	  simulation.	  These	  are	  screenshots	  of	  movies	  that	  display	  the	  exciton	  populations	  in	  real	  time	  and	  real	  space,	  showing	  how	  they	  move	  from	  site	  to	  site	  over	  time.	  
	   The	  other	  primary	  concern	  of	  the	  model	  was	  population	  dynamics:	  viewing	  how	  different	  sites	  experience	  energy	  transfer	  over	  time.	  This	  can	  be	  visualized	  in	  real	  space	  and	  time	  as	  above,	  but	  logarithmic	  plots	  were	  also	  produced	  that	  show	  populations	  for	  the	  donor	  molecule,	  the	  bridge	  (middle)	  molecules,	  and	  the	  acceptor	  molecule	  over	  5000	  femtoseconds	  (5	  picoseconds).	  
Figure	  7:	  Population	  dynamics	  for	  SWNT	  
	  
Figure	  8:	  Population	  dynamics	  for	  DWNT	  
	  
Figure	  9:	  Population	  dynamics	  double-­‐helix	  
	  	  
Conclusion	  	   The	  acquired	  data	  from	  the	  models	  show	  that	  the	  helical	  structure	  has	  the	  greatest	  rate	  of	  exciton	  transport.	  Though	  nature	  has	  employed	  tubular	  structures	  for	  light-­‐harvesting,	  if	  it	  were	  possible	  to	  synthesize	  or	  isolate	  a	  helical	  structure	  to	  test	  its	  light-­‐harvesting	  capabilities	  the	  theoretical	  results	  could	  be	  supported	  experimentally.	  However,	  DNA	  (a	  double	  helix	  with	  highly	  coupled	  cross-­‐linkages)	  has	  been	  shown	  to	  be	  effective	  for	  long-­‐distance	  electron	  transfer.3	  	   What	  must	  be	  further	  investigated	  is	  the	  optical	  properties	  of	  these	  aggregates:	  absorption	  spectra,	  density	  of	  states,	  and	  energy	  level	  diagrams.	  These	  can	  be	  investigated	  theoretically	  using	  computational	  methods,	  but	  their	  interpretation	  is	  difficult,	  and	  beyond	  the	  scope	  of	  this	  investigation.	  A	  more	  effective	  method	  of	  investigation	  would	  be	  experimental	  in	  nature:	  synthesizing	  or	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isolating	  aggregates	  that	  are	  similar	  to	  the	  ones	  theoretically	  generated	  and	  determining	  their	  absorbance	  spectra	  and	  their	  energy	  levels.	  Additionally,	  it	  might	  be	  effective	  to	  track	  the	  excitons	  in	  aggregates	  using	  transient	  absorption	  spectroscopy.	  	   Questions	  that	  remain	  unanswered	  are:	  how	  feasible	  is	  it	  to	  tune	  dipole	  coupling	  or	  geometry	  in	  order	  to	  produce	  the	  most	  effective	  aggregates?	  Can	  helical	  aggregates	  be	  synthesized	  effectively?	  These	  are	  more	  experimental,	  synthetic	  questions	  that	  can’t	  be	  investigated	  computationally.	  However,	  they	  represent	  important	  next	  steps	  in	  finding	  effective	  light-­‐harvesters.	  	   Another	  direction	  this	  kind	  of	  experiment	  could	  take	  is	  investigation	  of	  other	  geometries.	  The	  Li	  group	  at	  the	  University	  of	  Washington	  has	  theoretically	  examined	  fullerene	  derivatives	  for	  energy	  transfer	  and	  solar	  cell	  efficiency.4	  Li’s	  group	  found	  that	  long-­‐lived	  excited	  states	  can	  increase	  efficiency	  in	  conversion	  of	  solar	  energy.	  The	  goal	  of	  the	  theoretical	  experiment	  is	  to	  lengthen	  the	  lifetime	  of	  the	  excited	  state	  as	  much	  as	  possible	  so	  that	  the	  electron-­‐hole	  pair	  (and	  thus,	  the	  energy)	  can	  be	  transferred	  to	  a	  part	  of	  the	  molecule	  or	  aggregate	  doing	  interesting	  chemistry	  (photosynthesis,	  energy	  conversion,	  etc.).	  	   Though	  it	  could	  be	  taken	  in	  many	  directions,	  this	  kind	  of	  investigation	  is	  the	  first	  step	  in	  understanding	  many	  complex	  energy	  transfer	  processes.	  The	  understanding	  of	  these	  processes	  can	  be	  used	  to	  inform	  experimentalists	  and	  engineers	  of	  the	  principles	  needed	  to	  begin	  more	  practical	  solar	  research.	  The	  goal	  of	  this	  research	  is	  to	  optimize	  solar	  energy	  gathering	  and	  conversion	  in	  order	  to	  decrease	  dependence	  on	  nonrenewable	  resources.	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